Streptomyces pilosus is one of several microbes which produce ferrioxamine siderophores. In the accompanying paper (G. Muller and K. Raymond, J. Bacteriol. 160:304-312), the mechanism of iron uptake mediated by the endogenous ferrioxamines B, DI, D2, and E was examined. Here we report iron transport behavior in S. pilosus as mediated by the exogenous siderophores ferrichrome, ferrichrysin, rhodotorulic acid (RA), and synthetic enantio-RA. In each case iron acquisition depended on metabolic energy and had uptake rates comparable to that of [55Fe]ferrioxamine B. However, the synthetic ferric enantio-RA (which has the same preferred chirality at the metal center as fet-richrome) was twice as effective in supplying iron as was the natural ferric RA complex, suggesting that stereospecific recognition at the metal center is involved in the transport process. Iron uptake mediated by ferrichrome and ferric enantio-RA was strongly inhibited by kinetically inert chromic complexes of desferrioxamine B. These inhibition experiments indicate that iron from these exogenous siderophores Is transported by the same uptake system as ferrioxamine B. Since the ligands have no structural similarity to ferrioxamine B except for the presence of three hydoxamate groups, we conclude that only the hydroxamate iron center and its direct surroundings are important for recognition and uptake. This hypothesis is supported by the fact that ferrichrome A and ferrirubin, which are both substituted at the hydroxamate carbonyl groups, were not (or were poorly) effective in supplying iron to S. pilosus.
As described in the previous paper (21) , siderophores are iron chelating agents which are excreted by microorganisms under iron-deficient conditions to sequester iron from the environment. They are transported into the cells by specific, energy-dependent uptake systems (19, 21, 24, 27) . Iron uptake by Stteptomyces pilosus via the ferrioxamines B, D1, D2, and E (which are all produced by this organism) was described in the previous paper (21) . Here we report iron transport by S. pilosus as mediated by several exogenous siderophores.
The ferrichromes are a class of structurally related siderophores ( Fig. 1) which are synthesized by fungal species such as Ustilago (23) , Aspergillus (18) , and Penicillium (18) . The detailed structures of ferrichrome itself (30) (after which the class of compounds is named), ferrichrome A (35) , and ferrichrysin (26) have been established by single-crystal Xray diffraction. In each case only a A-cis absolute configuration at the metal center was observed. By preparing the kinetically inert chromium complexes of desferriferrichrome and desferriferrichrysin, it has been established that the conformation about the metal center in solution is also A-cis, the same as in the crystals (20) . The transport of iron by ferrichrome and ferrichrome A, their mechanism of uptake, and the regulation of their biosyntheses have been studied intensively in Ustilago sphaerogena (12, 13) .
Although not produced by Escherichia coli, ferrichrome, ferricrocin, and ferrichrysin are taken up by this organism via a highly specific transport system (10, 28 ). An outer membrane receptor protein, specified by the tonA (fhuA) gene (9) , is required for the transport of ferrichrome and its homologs. From competition experiments it is known that ferrichrome shares a receptor with bacteriophages Ti, T5, and 4(80 and the protein colicin M, as well as with the antibiotic ferrichrome derivative albomycin (4 A, however, fails to supply iron to E. coli (31) . In addition, it has been found that aerobactin, which is produced by E. coli and resembles ferrichrome only in the structure at the metal center, needs the same four gene products as ferrichrome in order to be transported: tonA (fhuA), tonB, fhuB, and exbB (5) . In solution, aerobactin, like ferrichrome, has a preferred A configuration about the metal center at pH 7 (15) . Evidence for stereospecific recognition has 'been provided by the synthetic enantiomer of ferrichrome, which as a A-cis configuration (22) and is taken up at a rate only 50% of that of the naturally occurring ferrichrome (33) .
Rhodotorulic acid (RA) is a dihydroxamate, the dipeptide or diketopiperazine of B-N-acetyl-L-(S)-b-N-hydroxyornithine. It has been isolated from low-iron cultures of Rhodotorula pilimanae (2) . Since RA is only a tetradentate ligand, it forms 2:3 six-coordinate complexes with ferric iron at pH 7 (6) (Fig. 1) . Isowa et al. have synthesized protected N5-hydroxyornithine from achiral building blocks and enzymatically resolved the racemic product into its enantiomers. These served as precursors for the synthesis of DD-RA and LL-RA (16) . The chromic complexes of the naturally occurring LL-RA, and by analogy the predominant configuration of the ferric complex in aqueous solution, has been shown to be A (7). The enantiomer DD-RA must therefore form optically active complexes of a predominantly A configuration around the metal center. Transport experiments with R. pilimanae have demonstrated that the synthetic enantioFe2RA3 complex is taken up with saturation kinetics, but at a rate reduced by 50% relative to that of LL-Fe2RA3 (G. Muller, Y. Isowa, and K. N. Raymond, submitted for publication).
In the preceding paper (21), we showed that the uptake of sFe by S. pilosus, as mediated by the B, E, D1, and D2 ferrioxamines, could be inhibited effectively by chromic desfertiferrioxamine B. Hence it was concluded that only one receptor system is shared in the transport of those four ferrioxamines. This report also illustrates that ferrichrometype siderophores and the ferric complexes of RA and its (2, 17) . The metal complexes were chromatographed on aluminum-backed cellulose plates or silica gel plates (Merck & Co.). 55FeC13 was obtained from New England Nuclear Corp. Chromic desferriferrioxamine B complexes were prepared as previously described (21) by the method of Leong and Raymond (20) .
Organism and growth conditions. S. pilosus ATCC 19797 stock cultures were kept on agar slants with 2.1% YM broth (Difco Laboratories) and 2% agar. The preparation and harvesting of spores and the cultivation of cells in irondeficient medium were done as previously described (21) .
Preparation of labeled complexes. The siderophores were labeled with 55Fe as previously described (14), including ferrichromes, ferrioxamines B and E (as described in reference 21), RA, and enantio-RA (8). All siderophore solutions contained 20% excess ligand. The radioactive ferric complexes of nitrilotriacetic acid, citrate, and 3,4-dihydroxybenzoate were formed with a 10-fold excess of ligand. All stock solutions of the labeled metal complexes had a concentration of 0.01 mM (5 to 10 ,uCi/ml). The radiopurity of the solutions was tested with aluminum-backed cellulose thin-layer chromatography plates, which were cut into squares after development and counted in a liquid scintillation counter.
Transport assays. The transport assays were performed as described earlier (21) . The samples were counted after equilibration in Aquasol 2 in a liquid scintillation counter. RESULTS 55Fe uptake mediated by ferrichromes. Figure 2 shows the time-dependent uptake characteristics of various siderophores of the ferrichrome family. Although none of the ferrichrome family of compounds are produced by S. pilosus, ferrichrome and ferrichrysin are accumulated at identical rates. In 10 min, 0.48 nmol of 55Fe per mg of dried cells was incorporated, which was about 15% more than for ferrioxamine B. Uptake was linear at least from 2 to 10 min.
[55Fe]ferrichrome uptake was monitored in 10-s intervals (Fig. 2, inset) . Within the initial 20 s, a fast accumulation of 55Fe occurred; this was considered the sum of specific and nonspecific binding to the cell surface (adsorption to the filters was subtracted). Although ferrichrome and ferrichrysin differ in the amino acid sequence of the cyclic hexapeptide backbone, these differences did not significantly affect the transport rate. This is in contrast to ferrirubin, which has the same structure as ferrichrysin except that the methyl residue adjacent to the hydroxamate carbonyls is substituted by an isopentenol unit. After 10 min, 0.1 nmol of 55Fe per mg (dry weight) of cells was taken up by the cells from ferrirubin, a decrease of 80% relative to ferrichrysin uptake. In ferrichrome A the terminal methyl groups of ferrichrysin are replaced by three Z-3-methyl-3-butenoic acid residues. This siderophore fails completely in supplying iron to cells of E. coli (31) .
Kinetics of ferrichrome uptake and effect of metabolic inhibitors. The kinetics of ferrichrome uptake were tested in a concentration range from 0.025 to 20 F.M (Fig. 3) . The uptake rates were determined from the linear interval between 2 and 10 min. Like ferrioxamine B, ferrichrome was taken up via a saturable process, which reached its maximum velocity at -0. 25 ,uM The naturally occurring Fe2RA3 was taken up at rates comparable to those of ferrioxamine B, whereas the complex of a siderophore analog, synthetic enantio-RA, was superior to the naturally occurring compound in its iron supply capabilities (Fig. 4) . In contrast, iron transport measurements with enantio-ferrichrome in E. coli (33) , Neurospora crassa, and Aspergilus quadricinctus (32) showed decreased uptake rates compared with those for ferrichrome. The synthetic enantiomer was found to behave similarly in a study with enterobactin and enantio-enterobactin in E. coli (25) tested. The kinetically inert chromic complex of desferriferrioxamine B was used as the inhibitor instead of unlabeled ferrioxamine B complexes to avoid ligand exchange (and thus dilution of the 55Fe label of the transported siderophores, which could be mistaken for inhibition).
At an inhibitor concentration of 5 ,uM, 55Fe uptake by ferrioxamine E was reduced to 67% of that without inhibitor, and 55Fe uptake by ferrichrome and ferric enantio-RA was only 30 and 40%, respectively (Fig. 5) . The 55Fe complexes were added at 1 ,uM concentrations; 100% uptake was calculated from the transport rates without inhibitor. The results suggest that ferrioxamine B interacts strongly with the transport systems of the siderophores tested.
Transport mediated by other ferric chelators. Additional exogenous ligands with a range of coordination properties were tested for their ability to serve as iron donors to S. pilosus. Since Dyer et al. (11) described the occurrence of dihydroxybenozic acid (DHB) in the culture filtrate of an iron-deficient Streptomyces strain, we tested the uptake of 55Fe(DHB)3. However, this negatively charged molecule was not taken up. Similarly, nitrilotriacetic acid was found not to be an iron transport ligand. This biological inactivity of nitrilotriacetic acid has also been reported for E. coli (28) . In contrast, citrate appeared to be very effective as an iron transport agent (Fig. 6) , although there were remarkable differences between it and ferrioxamine B in uptake. The citrate uptake system clearly consists of two superimposed processes: (i) an active transport system, dependent on metabolic energy, which becomes inactive when sodium azide, a respiratory poison, is added, and (ii) a passive process which constitutes what is left after the inhibition. By subtracting the passive part from total transport (the upper curve), the resultant curve shows that active transport reached maximum velocity at about 10 ,uM [55Fe]citrate.
Citrate is known to have a much lower complex formation constant (log 1 = 11.8) (27) than ferrioxamine B (log 1 = 30.5) (1); correspondingly, it seems to be very inefficient in supplying iron at the concentrations that are optimal for ferrioxamine B, i.e., at substrate concentrations lower than 1 ,uM, when min. However, at higher substrate concentrations, citrate became superior to ferrioxamine B in supplying iron: at 10 ,uM the uptake rate was about three times higher than that of ferrioxamine B. This relative behavior of the 55Fe uptake rates was not consistent with the relatively slow iron exchange reactions between citrate and the endogenous desferrioxamines; thus, simple iron exchange between nonspecifically recognized siderophores and a specifically recognized siderophore (such as ferrioxamine) is not an acceptable model. DISCUSSION This study shows that the iron of ferrichrome siderophores, such as ferrichrome and ferrichrysin, is taken up by gram-positive S. pilosus in an energy-dependent active transport process (Fig. 2) . Furthermore, the ferrichrome iron accumulation is strongly inhibited by chromic desferrioxamine B (Fig. 5) . Thus, ferrichrome and ferrioxamine compete for the same uptake system. In a parallel investigation, the same inhibition effect by chromic desferriferrioxamine B was demonstrated in the incorporation of the ferrioxamines E, D2, and D1 (21) . From these results it can be inferred that ferrichrome and the ferrioxamines use the same carrier system. Striking confirmation of this conclusion can be found in the early results of Zahner et al. (34) and Bickel et al. (3) , who in 1960 investigated antagonism between sideromycins and other siderophores.
The sideromycins albomycin and ferrimycin are homologs of ferrichrome and ferrioxamine B, respectively. Substitutions in the ligand structures which are well separated from the metal coordination sites convert what would be growth factors into powerful antibiotics. A very important fact is the cross-reactivity between the two classes of hydroxamates in gram-positive bacteria. In these strains ferrioxamines antagonize the antibiotic action not only of ferrimycin but also of albomycin, which is a ferrichrome analog. Likewise, ferrichrome shows antagonism with both albomycin and ferrimycin. Ferrichrome A was found to be inactive. The clue to this cross-reactivity is the existence of a common transport system for ferrichrome and the ferrioxamines, as shown by our study.
The characteristic structural feature of the ferrichrome family is a cyclic hexapeptide which contains a tripeptide sequence of b-N-acyl-L-5-N-hydroxyornithine, common for all ferrichromes, and a variable tripeptide building block of various neutral amino acids. Ferrichrome contains three glycine units, whereas the sequence seryl-seryl-glycine is common to ferrichrysin, ferrirubin, and ferrichrome A. Since ferrichrysin and ferrichrome are taken up at the same rate, it is apparent that the serine-for-glycine substitution has little effect on iron transport. Moreover, despite pronounced differences in their molecular architecture, ferrichrome and ferrioxamine B are taken up by the same transport system. These findings indicate that changes in the ligand skeleton structure per se are of minor importance for recognition and transport in S. pilosus.
For two siderophore ligands with the same architecture, ferrioxamine B and ferrioxamine D1, it has been shown that the lack of a positive charge in ferrioxamine D1 results in an uptake rate which is 40% lower than that of ferrioxamine B (21) . Although no positive charge exists in the ferrichromes, their accumulation was comparable to that by ferrioxamine B. Whereas complexes of the linear ferrioxamine B in solution are a mixture of cis and trans isomers (20) , the cyclic ferrichromes are exclusively cis. This configuration may compensate to some extent for the lack of a positive charge.
The ferrichrysin derivatives ferrichrome A and ferrirubin were not or were only slightly taken up, respectively (Fig. 2) . In ferrichrome A, the methyl group adjacent to the hydroxamate carbonyl is substituted by Z-3-methyl-3-buteonic acid, and in ferrirubin it is substituted by isopentenol residues. The tri-negative charge of ferrichrome A totally prevented uptake. This repulsing effect is not surprising since the positive charge of ferrioxamine B plays an important role in the recognition and uptake process. Ferrirubin was taken up only very slowly.
We propose that the differences in the biological activity of ferrichrome and ferrichrysin, in contrast to those of ferrichrome A and ferrirubin, are due to the shielding or repulsing effects of groups around the hydroxamate iron center and not to changes in the amino acid skeleton. Further support for this hypothesis was supplied by the uptake experiments, in which iron complexes of naturally occurring RA and synthetic enantio-RA were used. The ferric complex of enantio-RA, which, like ferrichrome, has a A configuration in solution, was taken up at rates about 100% higher than those of the naturally occurring RA complex (Fig. 4) . This remarkable effect cannot be due to a difference in recognition of the DD and LL optical activity of the diketopiperazine ring. Since inhibition studies with chromic desferriferrioxamine B showed strong inhibition of ferric enantio-RA uptake (Fig. 5) 
